In 1996, Grün and coworkers provided an ESR age determination for a hominin molar from Florisbad, South Africa, at 259 ± 35 ka. The most anatomically informative hominin specimen from Florisbad is a fragmentary craniofacial specimen, attributed by many to early Homo sapiens, which has been assumed to derive from the same individual as this tooth. Since 1996, evidence about the evolutionary context for the later Middle Pleistocene and its associated hominins in Africa had markedly changed. If the Florisbad date is accurate and if the molar is associated with the craniofacial specimen, this evidence may suggest that Homo naledi coexisted in time and geography with H. sapiens in southern Africa. Thus, the accuracy for all dates needs critical investigation. This study examines the published record of excavation and subsequent analyses for the Florisbad material. We find that the contemporary records raise doubt about the contemporaneity of the tooth and calvaria. The site's complex stratigraphy and the details about the tooth's discovery also pose challenges for the previous ESR age estimate. Because the fragmentary cranial specimen has value for morphological comparisons, developing additional means of understanding its geological age is necessary. The current data do not demonstrate the presence of H. sapiens in southern Africa at ~260 ka.
Very few chronometric ages have been reported for fossil hominins from the later Middle Pleistocene in Africa. This period is increasingly critical to understanding human evolution. It is a time when modern humans began to emerge as an identifiable lineage (Schlebusch et al. 2017; McDougall et al. 2005) . Other hominin populations existed at this time, including the recently-discovered Homo naledi (Berger et al. 2015) . Dirks et al. (2017) constrained the geological age for the Homo naledi assemblage from the Dinaledi Chamber, in the Rising Star cave system, at 236-335 ka. U-series dates from flowstone and direct ESR ages from hominin teeth provided the tightest minimum and maximum dates, within an overall chronology including consistent OSL on sediment, paleomagnetism from speleothems, and U-series ages from hominin enamel and dentin.
The key dates were generated by two laboratories using a blinded sampling design. Establishing whether or not H. naledi and H. sapiens may have been in contact would clarify our understanding of the two species' ecology, evolution, and archaeological associations (Berger et al. 2017) . But thus far few African sites preserving H. sapiens can be securely placed in time.
At present the most convincing evidence suggesting overlap in time between H. sapiens and H. naledi is the assemblage attributed to early H. sapiens from Jebel Irhoud, Morocco ). The Jebel Irhoud 3 fossil mandible was dated at 286 ± 32 ka by ESR, while stone tools from the same level were dated by thermoluminescence (TL) to 315 ± 32 ka (Richter et al. 2017) . Morocco is at the opposite end of the continent, raising the question of whether H. sapiens may have been present more widely, including within southern Africa where it would overlap geographically with H. naledi.
The Florisbad hominin material, consisting of cranio-facial fragments and one tooth, were estimated to have an age of 259 ± 35 ka. (Grün et al. 1996) . The taxonomic assignment of the Florisbad specimen has varied over the years. Some authors have considered it to be a "late archaic human" (Grün et al. 1996) . Hublin and coworkers (2017) attributed both Jebel Irhoud and Florisbad fossils to "early H. sapiens," and set them apart from "anatomically modern humans". In our view, these names are in need of better definition, but here we follow this usage to avoid confusion. Florisbad is only 400 km from Rising Star Cave. If H. sapiens did live at Florisbad at ~260 ka, this would suggest the possibility that the two species were possibly sympatric, overlapping in both time and space. Therefore, we examined the record in detail to assess whether the date for the Florisbad calvaria is secure.
The Relationship Between the Florisbad Cranial Material and the Tooth
The ESR date of 259 ± 35 thousand years (Grün et al. 1996) was derived from a hominin upper third molar. Since the initial excavation of the site, most authors have assumed that this molar represents the same individual as the partial face and vault material from the site (Grün et al. 1996; Dreyer 1935; Drennan 1937; Clarke 1985) , although several authors have been more conservative, either omitting any statement about the association of the material or noting the lack of clear association (Rightmire 2013; Brace et al. 1971 ). The preserved maxillary fragments do not preserve the portion that could confirm or reject a physical conjoin with the tooth (Figure 1 ). The tooth lacks diagnostic features that would allow reliable taxonomic attribution. It overlaps in morphology and metric dimensions with Early and Middle Pleistocene Homo species and also with recent modern human populations of southern Africa (Smith et al. 2015) .
Figure 1: Surface reconstruction of the Florisbad craniofacial fragment in inferior (left) and right lateral (right) views.
The incomplete maxilla does not preserve an alveolus (or alveoli) that would demonstrate a fit with the right M 3 . The cranial evidence does not exclude the tooth but is insufficient to demonstrate that the two represent a single individual.
Lacking the possibility of physical refitting, and without clear anatomical assignment, it is necessary to establish if the tooth and cranial material are associated by spatial position or other objective criteria. Dreyer (1935) stated that these remains were associated, but the documentation does not clearly demonstrate their spatial proximity. The criteria for accepting "association" were less stringent in the 1930s than now. For example, Dreyer (1935) and Drennan (1937) accepted a broad degree of association between archaeological material and the hominin cranial material that later workers ultimately rejected. Kuman and Clarke (1986:103) noted that "The complex spring stratigraphy, the pick and shovel excavation methods, and the total lack of good records on provenance for the early finds have created much confusion over the stratigraphic position of the Florisbad cranium and fauna."
The caution of later workers emerged as they recognized the complex nature of the Florisbad deposits. The spring water has high methane content from the underlying shale, and this methane has periodically led to gas explosions that disrupt and redeposit material. Parts of the stratigraphic profile are "explosion breccias" (Grobler 1988) , and it was one of these explosions that first brought fossil material out of the site (Broom 1913) . Desmond Clark (1955) examined the site while studying the MSA material, and wrote: "Owing…to the disruptive action of the springs breaking through the deposits and thus making it possible for implements from the upper layers to find their way down into the lower levels the exact stratigraphical positions of specimens in these "eyes" must remain open to doubt. Clearly, therefore, only specimens found "in situ" in the undisturbed deposits away from the "eyes" [here, "eyes" refers to the "spring eyes" that were groundwater and methane sources] can be used to determine the true contents of the various layers." Ronald Clarke (1985) considered the stratigraphic position of the Florisbad skull, which was found in a "debris cone" of one of the spring eyes. He described the eruption of material from the lowest level, Peat I, up through the overlying levels, and considered it "not impossible that the skull was originally in one of these higher levels and through spring disturbance was redeposited" (p. 304). Clarke did not consider this hypothesis likely owing to the differential preservation of bone in these levels. But if lithic artifacts can be reworked downward within the site, isolated teeth can also be reworked downward.
Some signs of probable reworking come from the ESR chronology itself. Grün et al. (1996) obtained ESR samples from both a test pit and from earlier collections from the spring. According to Grün et al. (1996) , results showed a great scatter of ages through most of the site, excepting an MSA occupation horizon estimated to be 121 ± 6 ka. These authors stated that the scatter of ESR results likely reflects the "reworking of material by spring action" (p. 500). We undertook further examination of these data to consider the extent of such reworking. Grün et al. (1996) presented data only in figures with no numerical tables. We used open source software (PlotDigitizer, http://plotdigitizer.sourceforge.net) to extract numerical data from figure 1a, and those are illustrated in our Figure 2 . We note that data on sample depth in Figure 1a of Grün et al. (1996) appears to be opposite the expectation that age increases with depth: the youngest ESR ages come from samples reported at a depth of more than 600 cm, while depths of less than 100 cm are associated with much higher ESR age estimates. This may indicate that Grün et al. (1996) mistakenly reported depth in inverse order, meaning that results lower in the graph actually came from samples at greater depth, not shallower depth as reported. In any event, it is clear that the ESR ages below the line marked as "MSA occupation horizon" are widely scattered, with ages immediately below this horizon nearly the same range as ages at the very bottom of the chart. The correlation of age and depth below the "MSA occupation horizon" level is small and nonsignificant (r = -0.13, p < 0.56). Different samples taken at the same depth show very divergent ESR ages, suggesting either mixture across large intervals of depth (3 meters or more), or very different radiation doses for material at the same depth. These data derived from Figure  1a of Grün and collaborators (1996) In summary, the Florisbad spring deposits were substantially reworked and mixed, particularly in the spring eye areas likely due to methane explosions, including the area Age estimate (ka)
Depth (cm)
MSA occupation horizon where the cranial material and tooth were found. ESR ages are consistent with substantial reworking where depth data have been recorded. The historical records and data do not prove that the molar and cranial material come from different individuals or times, but they do not provide sufficient evidence that they represent the same individual or time. These data do not substantiate the assumption that the tooth represents H. sapiens.
Problems Estimating ESR Dose Rate
Whether or not the Florisbad tooth can be associated with the cranial material, the ESR age of 259 ± 35 ka (Grün et al. 1996) does overlap with the range between the ante quem and post quem age constraints on the Dinaledi hominin deposit ). This overlap does not necessarily mean that the fossils from the two sites were synchronous. The large standard error on the Florisbad estimate renders it compatible with both much more recent and much more ancient ages, including ages more than 30 ka younger than the minimum age for the Dinaledi hominins at 226 ka, while the Dinaledi deposit could be as old as 335 ka. Nonetheless, the Florisbad date bears critical examination. The dating of the Jebel Irhoud 3 specimen (Richter et al. 2017 ) provides a comparable example. An initial U-series/ESR age of 160 ± 16 ka was reported in 2007 based upon an estimated dose rate from a sediment sample (Smith et al. 2007) . Later this age was revised upward to 286 ± 32 ka based upon in situ dosimetry (Richter et al. 2017 ). In the case of Florisbad, the combined U-series/ESR method itself was not used to obtain the 1996 results (Grün et al. 1996) , making the estimates of dose rate and uptake model especially critical. Blackwell (2006) reviewed several factors that are problematic for ESR dating, including heat, pressure, the pattern of uranium uptake, changing cosmic dose rates, and altered sediment cover. For fossils like the Florisbad tooth that were excavated in the past without modern excavation recording, geochronologists may have little basis for assumptions about such factors. The heterogeneity of ESR ages at the same depths found by Grün et al. (1996) may reflect these factors in addition to reworking. The site occurs within a warm spring, where temperature of the water presently has an average temperature of 29°C (Grün et al. 1996) . The methane explosions that occurred periodically at the site, which disrupted the deposits, likely generated high temperatures at times (Grobler 1988 ). These explosions likely would also have exposed the fossils to periodic high-pressure shock waves, potentially up to 9 bars, in the spring eyes. Although no one has examined the effect on tooth enamel, experiments by Lee and Schwarcz (1993) suggested that pressures far in excess of 10 bars would be needed to affect the signals in quartz, which has less stable signals that those in enamel. Investigation of temperature and pressure effects within this context would be valuable.
The dose rate from cosmic radiation and uranium uptake is the most important source of uncertainty in the ESR ages. Calculating the tooth's radiation exposure correctly depends on understanding its depositional history. Due to the factors noted above, the exact depositional history of the tooth is uncertain, but Dreyer (1935) reported that the hominin material came from the level of Peat 1. According to Grün et al. (1996, p. 500) : "For age calculation we used saturation water contents, a cosmic dose rate for a depth of 5 ± 1 m and the average concentration of radioactive elements of white sand layers." The white sand layers at Florisbad are the shallowest deposits, far above the level of Peat 1 where the tooth is reported to have been found. Peat poses a significant issue for ESR dating, because the natural acids in peat including fulvic and humic acids tend to adsorb uranium, binding it to clay minerals (Szalay 1969; Van der Wijk et al. 1986; Zayre 2006; Field et al. 2018) . The tendency for peat to concentrate uranium can be extreme, with enrichment of 10 4 to 10 6 times the uranium concentration in solution reported in some peatlands (Shotyk 1988) . For example, Shotyk (1988) discusses a Canadian site where a basal peat uranium concentration of 1290 ppm was immediately above sands with a concentration of less than 40 ppm, and springwater of 50 ppb (Halbach et al. 1980) . The concentration of radioactive elements measured in the white sand at Florisbad may be orders of magnitude different from the environment experienced by the fossils in the peats.
Springs like Florisbad can also operate as open systems for uranium, as upwelling water may fluctuate in uranium content, leading to leaching of uranium from enamel and bone. Leaching can occur in cave sites but is an even more common factor in open air sites. Grün (2009) investigated the performance of early, linear, or late uranium absorption models for ESR carried out at a large sample of sites, finding that the large majority of open-air sites do not conform to early or linear uptake models. Leaching of uranium is one of the major factors he identified.
One additional element of uncertainty is the possibility of past radiographic analysis of the specimen. Many hominin fossils recovered before 1980 were analyzed using X-rays. Records from this time, if they exist, generally lack details like the energies or exposure times used. Moreover before 1960, radiography used much higher dose rates and dose times, and often had been poorly calibrated (Paul 1958) . More recently, CT scans also have been used to examine fossils. Both X-rays and CT scans can produce enough increases in the accumulated doses recorded by tooth enamel to be measurable. Thus, if the history of X-rays and CT scans is unknown, the higher accumulated dose would inadvertently increase the calculated ESR age for the fossil (Grün et al. 2012) .
Conclusions
Florisbad spring deposits experienced complex depositional processes. The records of excavation of the hominin cranial material and tooth do not demonstrate that these represent the same individual to the degree that can satisfy today's standards of association. The site has a complex geology, with heat, pressure, and intermittent explosive disruptions, and reworking of sediments. This reworking may explain the disparate ESR results from the 1996 study (Grün et al. 1996) . Alternatively, the ESR variability may relate to variation in radiation dose in the site. The model used to determine ESR age in the initial work used a dose rate assumed from the white sands, while the hominin tooth and deeper material (with high and variable ESR ages) come from peat deposits. Peat is a uranium concentrator, likely resulting in a different radiation environment than the overlying white sands. The possible importance of fluctuating springwater uranium content and leaching, important at other open-air sites, should also be considered.
It is premature to conclude, based on the 1996 ESR age of the Florisbad tooth, that H. sapiens occurred in this part of Africa at 259 ± 35 ka. We suggest that future consideration of the date of the Florisbad "H. sapiens" cranial material revisit with a multidisciplinary approach recognizing the uncertainty of association, taxonomic attribution, and the complexity of the spring site.
